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Introduction
segmentation was rated as a fail if FreeSurfer did not succeed to consistently trace the white and 139 pial surfaces. Next, we established that the automated quality metric value predicted strongly 140 whether a test passed or failed. We subsequently set a threshold above which all scans were of 141 sufficient quality, and all scans below the threshold were excluded. 142 Measurement of covariates 143 Hypertension was defined as a resting blood pressure exceeding 140/90 mmHg or the use of 144 blood pressure lowering medication. Blood pressure was measured twice with a 145 sphygmomanometer after 5 minutes of rest, and the average of the two measurements was used. 146 Use of blood pressure lowering medication was derived from information collected by a 147 physician at the research center. Alcohol use was assessed during home interviews with 148 questions based on beer, wine, liquor and other alcoholic beverages such as sherry and port. 149 Based on these data, an established method was used to calculate alcohol in grams per day 28 . 150 BMI was calculating using the height and weight obtained during the research center visit. 151 Smoking status was obtained during home interviews and individuals were classified as never 152 smokers, past smokers or current smokers. Education level was assessed during the home visit with the GI we used linear regression models. Surface-based LGI analyses were performed to 160 study the spatial distributions of these associations along the cortex. This was done with vertex-161 wise analyses using the R package QDECR (https://github.com/slamballais/QDECR). Resulting show non-Gaussian patterns of spatial correlations, which would increase the false positive rate 165 higher than 0.05 31 . We therefore set the cluster forming threshold to p = 0.001, as this has shown 166 high correspondence with actual permutation testing across all surface measures 31 . We further 167 applied Bonferroni correction to account for analyzing both hemispheres separately (i.e. p < 168 0.025 cluster-wise).
169
Age-related atrophy of the brain accelerates with age, which may also affect cortical gyrification. 170 We therefore studied three types of associations between age and cortical gyrification: (1) a 171 linear age term, (2) orthogonal linear and quadratic age terms, (3) a B-spline for age with two or 172 three degrees of freedom. The spline knot for the two-fold spline was set at the median age, and 173 the knots of the three-fold spline at the first and second tertiles. The shape of the relationship 174 between age and gyrification was assessed in two steps by evaluating model fit. The linear and 175 non-linear model fits for the GI were compared by calculating the Akaike information criterion 176 (AIC) and the Bayesian information criterion (BIC) for each model. Next, we created a linear 177 model for age and the LGI, and additionally a non-linear model depending on the AIC and BIC 178 for the GI models.
179
Specific domains of cognition map to different functional regions of the cerebral cortex 32 .
180
Therefore, in addition to the g-factor we also studied whether the scores from the individual 181 cognitive tests associated with GI and LGI. Furthermore, to inspect whether the association 182 between cognition and gyrification changes with age we created a separate model with an 183 interaction term for age and the g-factor.
184
Models were adjusted for covariates to account for potential confounding. The age analyses were 185 corrected for sex and for study cohort, i.e. the first, second or third cohort of the Rotterdam 186 Study. The cognition analyses were adjusted in three separate models, which allows for the 187 impact of each set of new confounders on model estimates to be described. Model 1 was adjusted 188 for sex, cohort, age at cognitive testing and age difference between cognitive testing and the MRI 189 scan. The way that age entered the model as a covariate -linear, quadratic or with splines -was 190 dependent on the results from the analyses on age and the GI. Model 2 was additionally adjusted 191 for hypertension, alcohol intake, smoking status and BMI. Lastly, Model 3 was additionally 192 adjusted for education level. The p-values for the associations between the potential confounders 193 and the global gyrification index are shown in Supplementary Table 1 . To assess whether image 194 quality could affect the results we ran sensitivity analyses with the image quality metric for each 195 scan as a covariate.
196
Gyrification is calculated as the ratio of the pial surface and the outer surface of the brain 25 .
197
However, the cortical surface area itself has also been shown to relate to cognitive function 33 . 198 Any association between the LGI and cognition may therefore be driven by cortical surface area, 199 and potentially by cortical thickness as well. To further assess this, we performed a sensitivity 200 analysis per cluster. In each model we defined cognition as the outcome, and both the mean LGI 201 and the mean cortical surface area or the mean cortical thickness of each cluster as the 202 determinants. The models were further corrected for all covariates as used in Model 3. We then 203 assessed whether the association between cognition and LGI remained statistically significant, 204 taking into account cortical surface area or thickness.
205
All covariates had less than 1% missing data except for alcohol use (4.8%). In order to maximize 206 power, missing covariate data were imputed thirty times using multiple imputation by chained 207 equations 34 . Imputed models were subsequently pooled per vertex according to Rubin's rules 35 . 208 We also performed a non-response analysis to examine whether the individuals who were not 209 included into the final sample were in any way different than those who were included (Table 1) .
210
This was done through logistic regression, where inclusion was entered as the outcome and all 211 other variables were included as predictors.
212
Of note, in all models, we defined age or cognition as the determinants (predictors) and 213 gyrification as the outcome, as limitations in vertex-wise analyses generally only allow for the 214 vertex measure to be modeled as the outcome. Thus, while cognition is generally considered a 215 consequence of brain structure, due to limitations in the vertex-wise software it was defined as a 216 determinant of gyrification in the models. As a sensitivity analysis, we created models for each 217 statistically significant LGI cluster where the cluster-wise mean LGI was defined as the 218 determinant and the g-factor as the outcome.
219
All reported results focus on the beta coefficients and the 95% confidence intervals (CIs) rather 220 than p-values. Confidence intervals give insight into the range of values within which the true 221 parameter will likely be, whereas p-values do not 36 . Any reported result that is stated as 222 statistically significant will have a p-value below the threshold of 0.05.
223

Results
224
Baseline characteristics of the study population (n = 4,397) are displayed in Table 1 . The mean 225 age of the participants was 63.5 years (SD: 10.1, range: 45.7 to 97.9) and 55.3% were female. 226 We analyzed whether any differences were present between individuals included in the analysis 227 and those who were eligible for MRI but did not end up in the final sample (Supplementary 228 Figure 1 ). Excluded participants tended to be older (mean = 6.2 years), were more often from the 229 first cohort of the Rotterdam Study (33.9% versus 15.3%), were less likely to drink alcohol 230 (mean = -0.7 grams per day), had a higher BMI (mean = 0.7 kg/m 2 ), were more likely to have 231 only primary education (13.1% versus 7.8%) and had a lower GI (mean = -0.03).
232
Age and global gyrification 233 A scatterplot of age and the GI is shown in Figure 1A , and the results of the different models are 234 shown in Table 2 . In the linear model one year increase in age associated with a -0.0021 (95% 235 CI: -0.0025; -0.0017) lower GI. For the 2nd polynomial model both the linear term (p < 0.001) 236 and the quadratic term (p = 0.027) were also statistically significant. All spline coefficients were 237 statistically significant for the natural cubic splines with both two and three degrees of freedom.
238
The AIC and BIC of all models were highly similar, suggesting that the linear fit sufficiently 239 describes the association of age during mid and late adulthood with the GI.
240
Cognition and global gyrification 241
A scatterplot of the g-factor and the GI is shown in Figure 1B , and regression coefficients for the 242 g-factor and all separate cognitive tests are shown in Table 3 for all three adjustment models.
243
Higher levels of the g-factor were associated with a higher GI, with similar results across Model 244 1 (β = 0.0045, 95% CI = 0.0018; 0.0073) to Model 3 (β = 0.0044, 95% CI = 0.0015; 0.0073). We 245 examined the individual cognitive tests to see which cognitive tests drove most of the 246 association. Three cognitive tests yielded statistically significant results, namely the LDST (β = 247 0.0005, 95% CI = 0.0001; 0.0009), the WFT (β = 0.0009, 95% CI = 0.0005; 0.0013) and the 248 Stroop task (β = -0.0081, 95% CI = -0.0164; -0.0002). Of these, the Stroop task had the strongest 249 association with gyrification. Of note is that the association with the Stroop task was negative 250 due to the lower scores on the Stroop task reflecting higher cognitive performance. Finally, the 251 interaction term between age and cognition did not reach statistical significance in any of the 252 models (all p unadjusted > 0.05), thus the magnitude of the association between cognition and the GI 253 was stable during and after midlife.
254
Age and local gyrification 255 In order to determine the precise spatial extent of associations between age and gyrification, we 256 performed surface-based vertex-wise analyses. Due to the similar fits between the models of age 257 and the GI we opted to further investigate the linear model and the two-fold spline model with 258 the LGI. Figure 2 displays the vertex-wise associations between age and the LGI. In the linear 259 model the LGI decreased with age in the parietal, temporal, occipital and frontal regions. The 260 effect sizes were generally larger than those found when examining the association between age 261 and the GI. A second cluster arose in the frontal pole and medial prefrontal cortex, where the
262
LGI increased with age. The significant clusters were similar across hemispheres in both size and Figure 3 displays the vertex-wise associations of the g-factor with the LGI for the three 275 adjustment models. Associations between g-factor and the LGI were mostly present in three 276 clusters: (1) the superior temporal gyrus, the insular cortex and the postcentral gyrus, (2) the 277 lingual gyrus, the precuneus and the pericalcarine cortex and (3) the orbitofrontal gyrus. These 278 clusters roughly presented bilaterally. Similar patterns were found for the associations between 279 the individual cognitive tests and the LGI (Figure 4 ). The LGI of the cuneate gyrus, insular 280 cortex and superior temporal gyrus were all associated with the Stroop task, the LDST and the 281 WFT, although more so on the right than the left hemisphere. Additionally, the WFT also 282 associated with the LGI in several additional regions, namely the supramarginal gyrus on both 283 hemispheres and the lateral orbitofrontal cortex, the angular gyrus and the superior parietal gyrus 284 on the right hemisphere. Further correction for the image quality metric did not affect these 285 findings ( Supplementary Figure 4) . Finally, as cognition was originally specified as the 286 determinant, we constructed cluster-wise models with the cluster-wise mean gyrification as the 287 determinant and cognition as the outcome. For the identified LGI clusters the associations with 288 cognition remained unattenuated (all clusters p < .00001).
289
Both vertex-wise cortical surface area and thickness associate with age (Supplementary Figure 5) 290 and the g-factor (Supplementary Figure 6) . In order to assess whether the associations between 291 cognition and the LGI were driven by cortical surface area or thickness, we created a new model 292 for each significant LGI cluster with the g-factor as the outcome and both the mean LGI and the 293 mean cortical thickness or surface area as determinants. Associations remaining after concurrent 294 adjustment for cortical surface area or thickness suggest an independence between LGI the other 295 measures. The results are shown in Table 4 for surface area and in Table 5 for cortical thickness.
296
After adjustment for surface area, the LGI remained associated with the g-factor in the left 297 hemisphere in the cluster near the cuneus (p unadjusted = .002) but not the clusters in the 298 orbitofrontal cortex (p unadjusted = .056) or the temporal cortex (p unadjusted = .115). In the right 299 hemisphere the association between the LGI and cognition was unaffected by surface area in 300 both the orbitofrontal (p unadjusted = .019) and the temporal clusters (p unadjusted = .004), but not in the 301 cluster in the cuneus (p unadjusted = .094). In all clusters, the LGI was unaffected by additional 302 corrections for cortical thickness.
303
Discussion
304
We show in a large population-based setting that global gyrification of the cerebral cortex 305 decreases during middle and late adulthood. This decline in gyrification is mainly driven by 306 regions close to the Sylvian fissure. A specific cluster within the medial prefrontal cortex showed 307 more gyrification with increasing age, particularly during late adulthood. Furthermore, we also 308 found that global cognition positively associates with gyrification, in particular in the temporal 309 regions, the lingual gyrus and the cuneus.
310
The findings for age and gyrification are in line with previously reported findings in smaller or 311 younger age samples. A study from 2017 attempted to map the life course trajectory of the GI in 312 a cross-sectional sample of 881 participants 6 . The authors found that the GI trajectory can be 313 described as a negative logarithmic function, with the decline in gyrification slowing with age.
314
However, their sample included only about 30 participants above the age of 60. Another study 315 reported on the association of age and gyrification in 322 healthy adults of whom 116 were aged 316 60 or older 9 . They found that the LGI had non-linear associations with age in certain brain 317 regions, especially the orbitofrontal and dorsomedial prefrontal cortex. In particular, LGI in these 318 regions seemed to increase towards the end of life. Our study builds upon these findings, with a 319 much larger number of participants beyond the age of 70 years, allowing us to more precisely 320 study how gyrification changes during late adulthood. We found that the association is 321 essentially linear, which matches a negative logarithmic life course pattern 6 . We also established 322 non-linear patterns in the regional surface-based patterns, albeit the increase in LGI was only 323 seen in the medial prefrontal cortex and only towards the end of life. These findings further 324 consolidate the global and local dependence of gyrification on age.
325
Gyrification associates with cognition during and after midlife, and this association does not 326 change with age. Furthermore, in half of the significant clusters we found that cortical surface 327 area is likely driving the associations. This is not surprising as loss of surface area leads to lower 328 folding thus lower gyrification within that region. Still, three out of six LGI clusters remained 329 associated with cognition after adjusting for surface area, suggesting that gyrification harbors 330 independent information. Furthermore, the pattern of LGI clusters within our study was similar 331 amongst the individual cognitive tests, suggesting that the LGI captures a more general aspect of 332 cognitive function. Gyrification may therefore play a unique role in cognitive function, which 333 could prove useful in the study of normal and abnormal cognitive aging. For example, other 334 cortical characteristics such as thickness and surface area have distinct contributions to cognitive 335 decline as seen in Alzheimer's disease 37-39 , yet any such contributions from gyrification remain to 336 be elucidated.
337
The temporal lobe has previously been linked to cognitive processes such as language 40 and 338 memory 41 as well as psychiatric disorders like adulthood autism spectrum disorders 42 and 339 schizophrenia 43-45 . Interestingly, these disorders have also been linked to abnormal gyrification 3-340 6 . Genetic mechanisms underlying cognitive processes and neuropsychiatric disorders may also 341 affect cortical morphology in the temporal region, and in particular gyrification. Previous studies 342 have found links between genes underlying cognition function and temporal lobe structure 46, 47 , 343 although the results are inconsistent 48 . Thus further work is needed to elucidate the presence of a 344 genetic pleiotropic link between gyrification and function of the temporal lobe.
345
Several mechanisms could explain how gyrification changes with age. One explanation is that 346 during brain development the cortical surface buckles due to differential rates of growth of 347 cortical layers 49 , and the opposite may occur during adulthood. The rate of atrophy is higher in 348 gray than white matter during early and mid adulthood 50, 51 . Gray matter atrophy is mostly 349 through the reduction of surface area of the cortex, which leads to more shallow sulci and 350 consequently a lower GI. The rate of atrophy of white matter starts to exceed the rate for gray 351 matter during late adulthood 11 , which could in turn lead to an increase in gyrification with age.
352
Interestingly, a previous study found that after the age of 60 years the cingulate cortex thickens 353 and that the rate of thinning of the medial prefrontal cortex declines 52 , which could explain the 354 increased gyrification of the medial prefrontal cortex in our study. Indeed, we see a similar 355 thinning of the cingulate cortex. However, our findings also suggest that gyrification overall 356 keeps decreasing during older adulthood, thus other mechanisms than the different gray and 357 white matter atrophy rates are also likely involved.
358
Another plausible explanation is the "axon tension" theory 53 , which states that axonal tension 359 pulls the gyral walls inwards, thus folding the cortex. The axonal tension may depend on the 360 health status of the axon, and damage to axons could lead to reduced tension and consequently 361 decreased gyrification. White matter microstructure decreases with age 54, 55 and white matter 362 lesions accumulate from mid adulthood onwards 11 , and could explain the decrease in 363 gyrification. However, further experimental work has discredited axonal tension as a cause of 364 cortical folding. For example, if axonal tension causes gyrification then cutting the gyrus 365 transaxially should unfold the gyrus, and experiments have shown that this is not the case 56 .
366
Thus, further work is needed to elucidate the causes of cortical (un)folding during adulthood.
367
Gyrification may also associate with age due to more technical aspects of the data collection 368 itself. Head motion may affect the relation between age and GI 57 . The reasoning for this is that 369 older participants tend to move more with their head while in the MRI. A previous study 370 confirmed this and also found that head motion related to LGI, although the association was not 371 very strong 58 . We attempted to minimize the impact of head motion on the analyses by 372 conservatively excluding all raw images with suboptimal quality and further by performing 373 sensitivity analyses with the image quality metric as a covariate.
374
The study has several limitations. First of all, we relied on a cross-sectional study design to 375 examine age effects on gyrification. Cross-sectional estimation of age-related changes may yield 376 inaccurate estimates compared to longitudinal designs 59 . Second, changes in gyrification likely 377 cause changes in cognition, but the models were specified with cognition as the determinant and 378 gyrification as the outcome due to limitations in the vertex-wise analysis modeling. Rerunning 379 the models per cluster with proper specification did show that the LGI clusters indeed associated 380 with cognition, suggesting that the models hold under proper specification. Third, the cognitive 381 test battery that was used does not cover all aspects of cognitive function. Due to the emphasis 382 on verbal tests we were not able to fully assess the scope of cognition and gyrification. Fourth, in 383 the case of cognition there may be reverse causality, as higher intelligence tends to lead to a 384 healthier lifestyle and thus better brain health. We corrected for a number of variables related to 385 lifestyle and their effect on the association was minimal. Despite this there could still be residual 386 confounding by other variables that we did not account for. Fifth, while we excluded those with 387 prevalent stroke and dementia, there could be other medical conditions and confounders that 388 could bias the results. For example, traumatic brain injury and substance abuse disorders are 389 known to accelerate brain and cognitive aging 60-62 , and could subsequently affect the association 390 of age and cognition with gyrification. Our study also had several strengths. First, this is the 391 largest sample size to date in a study of gyrification and age or cognition, leading to sufficient 392 statistical power to find associations, and unravel new regional differences. Second, the 393 individuals were sampled from a wide age-range, thus enabling making accurate inferences 394 about gyrification even in the later phases of late adulthood. Third, the sample was drawn from a 395 population-based cohort, thus the findings can be generalized beyond a clinical setting.
396
In conclusion, gyrification globally decreases linearly with age across the entirety of adulthood, 397 and gyrification in the medial prefrontal cortex increases towards the end of life. Furthermore, 398 gyrification increases with higher levels of cognitive performance in some clusters irrespective 399 of surface area. These findings consolidate the importance of gyrification in normal brain 400 function. Whether gyrification is a viable marker for abnormal brain aging and cognitive decline 401 towards the end of life remains to be elucidated. Table 1 . Baseline characteristics of the study population. The excluded sample (n = 2,250) 616 were all participants that were eligible for cognitive testing and the neuroimaging study, but did 617 not end up in the final sample (see Supplementary Figure 1 LGI and surface area were standardized in order to be able to compare the magnitude of their 644 effects. All models were adjusted for age at MRI scan (years), study cohort, sex, age difference 645 between cognitive testing and MRI scan (years), hypertension (yes/no), alcohol intake ( .790
